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Kalamazoo, Michigan 49006-3291
Agnathan or jawless vertebrates, such as lampreys, occupy a critical phylogenetic position between the gnathostome or
jawed vertebrates and the cephalochordates, represented by amphioxus. In order to gain insight into the evolution of the
vertebrate head, we have cloned and characterized a homolog of the head-specific gene Otx from the lamprey Petromyzon
marinus. This lamprey Otx gene is a clear phylogenetic outgroup to both the gnathostome Otx1 and Otx2 genes. Like its
gnathostome counterparts, lamprey Otx is expressed throughout the presumptive forebrain and midbrain. Together, these
results indicate that the divergence of Otx1 and Otx2 took place after the gnathostome/agnathan divergence and does not
correlate with the origin of the vertebrate brain. Intriguingly, Otx is also expressed in the cephalic neural crest cells as well
as mesenchymal and endodermal components of the first pharyngeal arch in lampreys, providing molecular evidence of
homology with the gnathostome mandibular arch and insights into the evolution of the gnathostome
jaw. © 1999 Academic PressKey Words: lamprey; Otx; vertebrate evolution.
e
fi
f
t
e
a
s
a
a
(
K
1
a
w
(
t
aINTRODUCTION
The embryonic head is of fundamental importance in
vertebrate development and evolution. In an organizational
scheme first formalized by Balfour (1881) and presented in
perhaps its most famous form by Goodrich (1930), the
vertebrate head, including the CNS and peripheral struc-
tures, is built upon a segmental plan of repetitive pattern
elements which have been elaborated during the course of
vertebrate evolution. Renewed interest in the possibility
that segmentation extends into the rostral brain has been
stimulated by the discovery that a large number of regula-
tory genes are expressed in regionally restricted patterns in
the vertebrate forebrain (see Rubenstein et al., 1994). The
most well-known examples include the two Otx and two
Emx homeobox-containing genes. Just as the Hox genes
orm nested expression domains in the developing hind-
rain (reviewed in Keynes and Krumlauf, 1994), the Otx and
mx genes show a nested pattern of expression in the
orebrain and midbrain at the stage when patterning isc
p
1 To whom correspondence should be addressed. Fax: (616) 337-
7251. E-mail: jlange@cc.kzoo.edu.
26stablished in these regions (Simeone et al., 1992a). Such
ndings have led to the suggestion that these genes could
unction to provide a combinatorial code for the specifica-
ion of subdomains within the fore- and midbrain (Holland
t al., 1992b; Lumsden and Krumlauf, 1996; Shimamura et
l., 1997.)
Otx genes, vertebrate homologs of the Drosophila head-
pecific gene orthodenticle (otd) (Cohen and Jurgens, 1990),
re expressed broadly throughout the fore- and midbrain in
variety of model vertebrate systems including mouse
Simeone et al., 1992a), Xenopus (Pannese et al., 1995;
ablar et al., 1996), and zebrafish (Li et al., 1994; Mori et al.,
994; Mercier et al., 1995). Mouse embryos homozygous for
knockout allele of Otx2 display a striking phenotype in
hich the entire brain rostral to rhombomere 3 is missing
Ang et al., 1996), clearly demonstrating the importance of
his gene in rostral head development. Otx12 mutants
display a less severe phenotype, but nonetheless indicate a
critical role for Otx1 in vertebrate head development
(Acampora et al., 1997). Mouse Otx2 is also expressed in the
nterior pharyngeal endoderm as well as in neural crest
ells deriving from the level of the mesencephalon, a
opulation of cells that forms much of the first pharyngeal
0012-1606/99 $30.00
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27Lamprey Otx Expressionarch (Ang et al., 1994). This expression appears to be
functionally significant since Otx22 heterozygotes, while
retaining a rostral CNS, have severe craniofacial abnormali-
ties, including loss of the mandible and other neural crest
derivatives of the mandibular arch (Matsuo et al., 1995).
The vertebrate brain and the pharyngeal arch-derived
raniofacial structures are considered to be vertebrate syna-
omorphies with no obvious morphological homologs out-
ide the vertebrate lineage (Gans and Northcutt, 1983;
orthcutt and Gans, 1983). Furthermore, the acquisition of
aws, thought to be modifications of the anterior pharyngeal
rches, represents a critical advance during evolution
ithin the vertebrate group (see Carroll, 1988). Otx genes
hus appear to play fundamental roles in two developmen-
al processes that are landmarks in the early evolution of
ertebrates: the development of the rostral brain and the
evelopment of jaws.
Comparative studies of embryonic genes in amphioxus, a
ephalochordate widely accepted as the sister group of the
ertebrates, have been very influential in refining our under-
tanding of the evolution of the vertebrate head. Such studies
rovide a means for postulating homology between am-
hioxus and vertebrates and have yielded two major conclu-
ions. First, analyses of Hox genes (Holland et al., 1992a;
olland and Garcia-Fernandez, 1995), engrailed (Holland et
l., 1997), and Otx (amphiOtx; Williams and Holland, 1996,
998) in amphioxus suggest that positional homology exists
etween regions of the amphioxus neural tube and those of
ertebrates and that the anterior brain is not an entirely new
nnovation of vertebrates. And second, studies of Dll (Holland
t al., 1996) and snail (Langeland et al., 1998) genes in
mphioxus suggest that cells homologous to the premigratory
eural crest of vertebrates are present in amphioxus. These
ndings indicate that the Gans–Northcutt theory requires
mending in that precursors to both the rostral neural tube
nd the neural crest may have been present in the vertebrate
ncestor. In this revised view, rather than inventing com-
letely novel tissues, vertebrates exploited preexisting tissues
o develop new axial domains and tissues of the head. Further-
ore, studies of gene copy number in amphioxus indicate that
he origin of vertebrate axial morphology has been accompa-
ied by gene, or even whole genome, duplication events
Holland et al., 1994; Postlethwait et al., 1998).
Lampreys, together with hagfish, comprise the living
epresentatives of primitive jawless fish (agnathans). Al-
hough it is controversial whether they are monophyletic or
araphyletic, agnathans are positioned at the base of the
ertebrate clade, between the cephalochordates (represent-
d by amphioxus) and the gnathostomes (represented by
awed fish, amphibians, reptiles, birds, and mammals, and
ncluding all the major vertebrate model systems) (Forey,
984; Forey and Janvier, 1993; Stock and Whitt, 1992;
hilippe et al., 1994; see Fig. 1). Among agnathans, lam-
reys are the only feasible choice for comparative embryol-
gy, as only a very few hagfish embryos have ever been
bserved (see Janvier, 1993). While adult lampreys are often
pecialized, the larva, or ammocoete, which comprises the
t
t
Copyright © 1999 by Academic Press. All rightulk of the lamprey life span, is a burrowing filter feeder
nd is classically recognized as the simplest extant verte-
rate (see Hardisty, 1971). Lampreys are primitively jaw-
ess, lack paired appendages, and have a relatively simple
xial morphology. Yet, as vertebrates, they possess several
lear morphological homologs of gnathostome head struc-
ures, including multiple brain divisions, a series of cranial
erves, and gill-bearing pharyngeal arches (detailed in Nieu-
enhuys, 1977; Janvier, 1993), and thus represent an inter-
ediate state between the very simple head morphology
xhibited by amphioxus and the more elaborate and com-
lex head morphology of gnathostomes. Given these phy-
ogenetic and developmental characteristics, knowledge of
gnathan development is indispensable in understanding
ow the vertebrate body plan arose. Yet, while lamprey
evelopment is well described classically (e.g., Damas,
944), surprisingly little attention has been accorded to the
olecular aspects of lamprey development. It is reasonable
o expect that molecular features of embryonic lamprey
evelopment will be simpler than in their gnathostome
ister group and will thus provide important reference
oints for determining which features of vertebrate embry-
nic head organization are ancestral and which are derived.
In order to gain insight into the evolution of the verte-
rate head and pharyngeal arches, we have cloned and
haracterized a homolog of Otx from the lamprey Petromy-
on marinus and thereby extend the recent analysis of Ueki
t al. (1998) of Otx in Lampetra japonica. We present
vidence indicating that the divergence of Otx1 and Otx2
ook place after the gnathostome/lamprey divergence and
as therefore not a prerequisite to vertebrate origins. This
amprey Otx homolog is initially expressed broadly
hroughout the anterior neuroectoderm and, as in gnathos-
omes, becomes restricted to a region that defines the
orebrain and midbrain. Intriguingly, Otx is also expressed
n the cephalic neural crest cells as well as mesenchymal
nd endodermal components of the first pharyngeal arch in
ampreys, providing molecular evidence of homology with
FIG. 1. A simplified phylogenetic tree of the chordates, showing
the position of the proposed chordate and vertebrate ancestors.
Living agnatha such as lamprey occupy an intermediate position
between cephalochordates and gnathostome vertebrates.he gnathostome mandibular arch and thereby advancing
heories of the origin of the gnathostome jaw.
s of reproduction in any form reserved.
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28 Tomsa and LangelandMATERIALS AND METHODS
cDNA Library Construction
Spawning adult sea lampreys (P. marinus) were collected from
he Ocqueoc and Cheboygan Rivers (Michigan), and eggs were
ertilized in vitro at the Lake Huron Biological Station (USFWS).
Total RNA was prepared from staged embryos ranging from 1 to 10
days postfertilization raised at 16°C [Piavus (1961) stages 8–13].
cDNA was made from poly(A)1 selected mRNA using the Super-
Script Choice System (Gibco BRL), and size selected cDNA was
ligated into the Lambda ZAP II vector (Stratagene) and packaged
using Gigapack III Gold packaging extract (Stratagene).
Cloning of Lamprey Otx
Approximately 5 3 105 primary pfu were plated and screened at
low stringency using a labeled 410-bp homeobox fragment from a
zebrafish Otx2 cDNA (Li et al., 1994) as a probe. Hybridization was
carried out in 40% formamide, 53 SSPE (0.9 M NaCl, 0.05 M
aH2PO4, 0.005 M EDTA, pH 7.5), 1% SDS, and 100 mg/ml herring
perm DNA at 37°C overnight. Washes were carried out in 23
SPE at 40°C.
Eight positive plaques were purified and inserts were sequenced
n both strands using an ABI 377 automated sequencer. The
equences were aligned and six of these were determined to
epresent the same gene; the clone with the longest insert was then
equenced completely on both strands and compared to known Otx
enes. This cDNA sequence has been submitted to GenBank under
ccession No. AF099746.
Sequence Analysis
Sequences were aligned using the Clustal X algorithm (Thomp-
son et al., 1994) and phylogenetic trees were constructed using the
neighbor-joining method of Saitou and Nei (1987). Bootstrap anal-
ysis was performed using a minimum of 1000 resamplings.
Genomic Southern Analysis
Total lamprey genomic DNA was digested in separate reactions
with EcoRI, BamHI, and XhoI, electrophoresed, and blotted onto a
nylon filter. This filter was then hybridized at low stringency (final
wash 23 SSC, 50°C) with a labeled probe consisting of a 630-bp
homeobox fragment from P. marinus Otx.
In Situ Hybridizations
Staged embryos were fixed for 30 min in 4% formaldehyde, 0.1
M Mops, pH 7.4, 1 mM MgSO4, 2 mM EGTA, and then dehydrated
and stored in 100% methanol at 220°C.
Digoxigenin-labeled antisense RNA was generated from the
full-length lamprey Otx cDNA using a Genius kit (Boehringer
Mannheim) and used as a probe. Embryos were rehydrated into PBS
and hybridized overnight at 65°C in the following hybridization
solution: 50% formamide, 53 SSC, 0.1% Tween, 5 mM EDTA, 1
mg/ml tRNA, 100 mg/ml heparin, 13 Denhardt’s, 0.1% Chaps.
tringent washes were performed in 0.23 SSC at 65°C. Embryos
ere developed using the antibody and coloration components of
he Genius kit (Boehringer Mannheim).
Copyright © 1999 by Academic Press. All rightSections
Heavily stained specimens were dehydrated quickly through a
graded series of methanol, cleared in two changes of propylene
oxide (PO), infiltrated with a 1:1 mixture of PO and Epon for 45
min, followed by 3:1 Epon and PO for 6 h, and finally pure Epon for
2 h. The tissue was embedded in fresh Epon and the blocks were
polymerized overnight at 60°C. Ten-micrometer sections were cut
on a glass knife and dried on subbed slides. All slides were
coverslipped in Epon and polymerized overnight at 60°C.
RESULTS
A Lamprey Otx Gene Is Equally Related to
Gnathostome Otx1 and Otx2
We constructed a staged lamprey embryonic cDNA li-
brary and screened it by low-stringency hybridization with
the zebrafish Otx2 homeodomain (Li et al., 1994). Six of
eight positive clones proved to have overlapping sequence
and therefore represent the same gene. The clone with the
largest insert (2.5 kb) was completely sequenced and deter-
mined to be a full-length cDNA encoding an Otx homolog
consisting of 377 amino acid residues (Fig. 2A).
We performed genomic Southern analysis on P. marinus
genomic DNA using the P. marinus Otx homeobox as a
probe in a low-stringency hybridization (Fig. 2B). For each of
three restriction enzymes used, we obtained evidence of a
single hybridizing fragment. Together with the phyloge-
netic analysis (described below) and the fact that multiple
positive clones contained the same sequence, this finding
suggests that P. marinus has only a single Otx homolog.
The amino acid sequence of this gene was used in a
comparative sequence alignment of several Otx homologs,
including the otd gene from Drosophila (Finkelstein et al.,
1990), the Otx gene from amphioxus (Williams and Holland,
1998), LjOtxA and LjOtxB from L. japonica (Ueki et al., 1998),
and the Otx1 and Otx2 homologs from mouse and zebrafish
(Simeone et al., 1992a; Li et al., 1994). The sequence align-
ment of the vertebrate genes is shown in Fig. 3A. There is a
high degree of sequence conservation between lamprey Otx
and the mouse and zebrafish genes, especially in the home-
odomain. The phylogenetic analysis of all of these sequences
is shown in Fig. 3B. While gnathostome Otx1 and Otx2 form
distinct groups, none of the lamprey Otx homologs group with
the gnathostome homologs. Furthermore, Otx from P. mari-
nus, described here, is an outgroup to both LjOtxA and
LjOtxB. As expected, AmphiOtx and Drosophila otd are
outgroups to all the vertebrate Otx homologs. Similar results
were obtained when we included other vertebrate Otx ho-
mologs such as human Otx1 and Otx2 (Simeone et al., 1993),
rat Otx 1 (Frantz et al., 1994), Xenopus Otx1 and Otx2
(Panesse et al., 1995; Kablar et al., 1996), chick Otx2 (Bally-
Cuif et al., 1995), and zebrafish Otx3 (Mori et al., 1994) (data
not shown).
s of reproduction in any form reserved.
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and Midbrain
FIG. 2. (A) Nucleotide and deduced amino acid sequence of lampr
hrough late neurula stages. This cDNA encodes a 377 amino ac
hrough 97. (B) Low-stringency genomic Southern analysis indicate
igested with EcoRI, BamHI, or XhoI. Blots of these digests were p
30-bp homeobox-containing fragment from the P. marinus Otx c
or each enzyme, consistent with there being only a single Otx hom
o either incomplete digestion of genomic DNA or the presence oStaged, fixed lamprey embryos were probed with
digoxigenin-labeled antisense lamprey Otx RNA. Otx is
Copyright © 1999 by Academic Press. All rightinitially detected in early neurula [4 days after fertilization,
Piavus (1961) stage 10] embryos where it is expressed
tx. Otx was cloned from a cDNA library constructed from blastula
tein. The homeodomain is shaded and encompasses residues 38
ngle Otx gene in the P. marinus genome. Total genomic DNA was
d at low stringency (final wash 23 SSC, 50°C) with a radiolabeled
. The resulting autoradiogram indicates a single hybridizing band
in the P. marinus genome. Weakly hybridizing bands may be due
r homeobox-containing genes.ey O
id pro
s a si
robebroadly throughout the anterior half of the embryo (Fig. 4A).
As neurulation progresses, the head begins to protrude from
s of reproduction in any form reserved.
30 Tomsa and LangelandFIG. 3. Alignment and phylogenetic comparison of Otx homologs. (A) Comparison of the amino acid sequences of lamprey Otx homologs
[PmOtx (described here), LjOtxA, LjOtxB (Ueki et al., 1998)] with the Otx1 and Otx2 homologs from mouse (Simeone et al., 1993) and
zebrafish (Li et al., 1994). Residues that match the consensus are shaded. There is extensive sequence conservation throughout the proteins,
especially within the homeodomain (delimited by arrows). (B) Phylogenetic tree of Otx homologs including Otx from P. marinus (PmOtx),
LjOtxA and LjOtxB from L. japonica, Otx1 and Otx2 from mouse and zebrafish, the Otx homolog from amphioxus (AmphiOtx) (Williams
and Holland, 1998), and the orthodenticle (otd) gene from Drosophila (Finklestein et al., 1990). This tree was constructed using the
neighbor-joining method and is based on a clustal alignment similar to the one shown in A, except excluding regions with gaps. Numbers
after internal branches indicate the bootstrap value (%) for each group. All lamprey Otx genes lie outside of the group composed of the
mouse and zebrafish Otx1 and Otx2 genes, indicating that the divergence of gnathostome Otx1 and Otx2 occurred after the
gnathostome–lamprey divergence. PmOtx, described here, does not appear to group with either LjOtxA or LjOtxB, suggesting that the latter
two genes may be the result of an independent duplication within the L. japonica lineage and are not shared by all lampreys. As expected,
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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31Lamprey Otx Expressionthe yolk sac (Piavus, 1961; Damas, 1944) and Otx expres-
sion becomes restricted to the most rostral region of the
neural tube [Fig. 4B; 6 days after fertilization, Piavus (1961)
stage 12]. As in all of its gnathostome counterparts, there is
a distinct posterior limit to the expression of lamprey Otx
(Fig. 4B, black arrow).
As head development proceeds, Otx remains expressed
throughout the rostral neural tube, and the posterior bound-
ary coincides with the region of cerebellar flexure, which is
just posterior to the presumptive midbrain/hindbrain
boundary (Fig. 4C, black arrow; Nieuwenhuys, 1977). Neu-
roectodermal expression of lamprey Otx becomes progres-
sively restricted to fewer and fewer cells within the rostral
neural tube but retains this sharp posterior boundary (Figs.
4D and 4E, black arrows). This neuroectodermal expression
eventually becomes restricted to a few cells in the olfactory
epithelium (Fig. 4F, white arrow) and the developing retina
(Fig. 4F, black arrow; Fig. 6D, black arrows) and is lost
altogether by slightly later stages (data not shown).
Endodermal and Pharyngeal Expression of
Lamprey Otx
As early as 6 days postfertilization (Piavus stage 12),
when the cephalic region is just becoming distinct, lamprey
Otx expression can be seen in the mesendoderm underlying
he presumptive forebrain and midbrain (Fig. 4B, red ar-
ows). This expression becomes resolved into endodermal
ells surrounding the first pharyngeal pouch, becoming
ore pronounced ventroanteriorly as development pro-
eeds (Figs. 4C–4E and 6B). By 12 days postfertilization, this
ndodermal expression is extinguished.
Neural Crest and Head Mesenchyme Expression of
Lamprey Otx
At 8 days postfertilization (Piavus stage 13) lamprey Otx
transcripts can be detected in mesencephalic neural crest
cells and the mesenchyme of the first pharyngeal arch (Fig.
5). Sections through a labeled embryo clearly reveal neural
crest expression of lamprey Otx in the mesencephalic
egion (Fig. 5D). More rostral sections reveal Otx expression
n the mesenchyme of the first pharyngeal arch, just under-
ying the epidermis (Figs. 5B and 5C). By 11 days postfertil-
zation, this neural crest/mesenchymal expression is no
onger detectable, and pharyngeal expression is limited to
ells in the epidermis of the lower lip (Fig. 4F, red arrow,
nd data not shown).
AmphiOtx and otd form outgroups to the vertebrate Otx homolog
uch as human Otx1 and Otx2 (Simeone et al., 1993), rat Otx 1 (Fr
t al., 1996), chick Otx2 (Bally-Cuif et al., 1995), and zebrafish Otx3
ccession numbers for the sequences shown are as follows: LjOtxA, A
tx2, 3024329; mouse Otx1, 479776; mouse Otx2, 479777; AmphiOtx
Copyright © 1999 by Academic Press. All rightDISCUSSION
The organization and evolution of the vertebrate head has
occupied experimentalists and theorists for over a century
(e.g., Balfour, 1881; Goodrich, 1930; de Beer, 1937; Jarvik,
1980; Northcutt and Gans, 1983; Janvier, 1996). However,
given the poor fossil record of the period during which
vertebrates initially arose (see Forey and Janvier, 1993), the
nature of the vertebrate ancestor remains obscure. Recent
molecular and genetic approaches have refined our under-
standing of vertebrate head development (reviewed in
Lumsden and Krumlauf, 1996; Schilling, 1997). In addition,
these approaches have provided molecular probes to use in
comparative gene expression studies aimed at identifying
homologous developmental features that are presumed to
have been present in the vertebrate ancestor. However,
such comparative studies have largely focused on nonver-
tebrate chordates such as amphioxus and ascidians. The
larval lamprey, or ammocoete, is a simple filter feeder, is
primitively jawless and limbless, and is used classically to
represent the ancestral vertebrate condition (see Carroll,
1988). Phylogenetically positioned between gnathostomes,
or jawed vertebrates, and the cephalochordate amphioxus,
lamprey embryos provide a unique reference point from
which to understand vertebrate development and early
vertebrate evolution (Damas, 1944; Nieuwenhuys, 1977;
Hardisty, 1971).
Otx genes have been implicated in the development of
structures associated with two major phylogenetic trends in
vertebrate evolution: the development of the rostral brain
and the development of masticating jaws (Matsuo et al.,
1995; Ang et al., 1996). Ueki et al. (1998) isolated two Otx
enes from L. japonica, but were unable to detect expres-
sion in pre-hatching-stage embryos. Our analysis of Otx
gene expression in pre-hatching P. marinus embryos pro-
vides new insight into these important developmental and
evolutionary processes.
Otx Gene Duplication
All gnathostomes examined have two or more copies of
Otx (e.g., Simeone et al., 1992a; Li et al., 1994) that
typically fall into two families: Otx1 and Otx2. We find
only a single Otx gene in P. marinus that is equally
homologous to the gnathostome Otx1 and Otx2 families.
hile we cannot unequivocally rule out the possibility that
. marinus has more than one Otx homolog, several lines of
vidence indicate that only one homolog exists: We can
milar results were obtained when other vertebrate Otx homologs
et al., 1994), Xenopus Otx1 and Otx2 (Panesse et al., 1995; Kablar
i et al., 1994) were included in the phylogenetic analysis. GenBanks. Si
antz
(MorB012299; LjOtxB, AB012300; zebrafish Otx1, 3024322; zebrafish
, AF043740; otd, 123406.
s of reproduction in any form reserved.
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32 Tomsa and Langelanddetect only a single Otx gene in P. marinus by low-
stringency genomic Southern; we isolated several indepen-
dent versions of the same Otx cDNA by low-stringency
screening, and the lamprey Otx described here is a clear
phylogenetic outgroup to all other described vertebrate Otx
genes. These findings indicate that the duplication event
that gave rise to gnathostome Otx1 and Otx2 occurred after
the gnathostome–lamprey divergence approximately 500
Myr ago (Carroll, 1988). We propose that the two Otx
homologs described by Ueki et al. (1998) in L. japonica
represent an independent gene duplication event in that
lineage; this is supported by our phylogenetic analysis.
Holland et al. (1994) as well as Ruddle et al. (1994) and
Pendleton et al. (1993) have previously shown that several
gene duplication events likely occurred after the
cephalochordate–vertebrate (i.e., agnathan 1 gnathostome)
divergence. Our proposed gnathostome-specific duplication
of Otx provides a more precise estimate for the timing of
one of these duplication events and is similar to that
proposed by Sharman et al. (1997) for a lamprey HMG-box
gene. It is of great interest to use lampreys to learn if other
developmental regulatory gene families such as Emx, Dlx,
and Hox genes follow the inferred gnathostome-specific
duplication pattern described here.
Otx Genes and the Evolution of the Vertebrate
Brain
Since the cloning and characterization of the Drosophila
orthodenticle (otd) gene (Finkelstein and Perrimon, 1990),
tx homologs have been found to be involved in the
ormation of cephalic structures in a wide variety of meta-
oans (reviewed in Finkelstein and Boncinelli, 1994). In
ertebrates, Otx gene expression is clearly associated with
ssigning anterior–posterior positional identity in the ros-
ral CNS. Murine Otx1 and Otx2 are expressed in overlap-
ing domains in the anterior CNS (Simeone et al., 1992a).
FIG. 4. Otx expression during lamprey embryogenesis. Whole-mo
arly neurula [4 days after fertilization, Piavus (1961) stage 10]. Otx
ne-half of the anteroposterior axis (arrow). (B) Early head protrus
estricted to the cephalic region and has a sharp posterior boundar
xpression is also evident in the cephalic mesendoderm (red arrow)
ertilization, Piavus stage 13). Otx retains its sharp anterior boun
rrows). Otx also is expressed in cells adjacent to the first phary
ppearance and anterior–posterior position). Expression is initia
nteriorly and ventrally as development proceeds. (F) Early hatchin
estricted to a few patches of cells, including the olfactory epitheli
ig. 5), and the epidermis of the lower lip (red arrow).
IG. 5. Tissue sections reveal Otx expression in the neural tube
mbryo labeled with Otx antisense RNA indicating the planes of tra
b”. Note that transcripts are found throughout the rostral neura
etected in the mesenchyme (m) of the mandibular somite. (C) Tr
eural tube (nt) and in the endoderm (e) of the first pharyngeal arch.
n the mesenchyme (m) of the mandibular somite. (D) Transverse sectio
s well as prominently in the neural crest (nc). Transcripts can also be
Copyright © 1999 by Academic Press. All rightOtx2 is expressed earlier and more broadly than Otx1 and
becomes restricted to the neuroectoderm corresponding to
the telencephalon, diencephalon, and mesencephalon. Mu-
tations in both Otx1 and Otx2 cause severe rostral brain
defects (Acampora et al., 1997; Ang et al., 1996). The
expression patterns hold for all other gnathostome verte-
brates examined (e.g., Li et al., 1994; Kablar et al., 1996),
leading to the general view that Otx genes, together with
Emx1 and Emx2 (Simeone et al., 1992b; Pellegrini et al.,
1996; Yoshida et al., 1997), constitute a combinatorial code
for rostral brain development, analogous to the Hox code for
hindbrain development (Holland et al., 1992b; Boncinelli et
al., 1993).
The CNS expression of Otx homologs has been charac-
erized in a urochordate ( the ascidian Halocynthia roretzi,
ada et al., 1996) and a cephalochordate (amphioxus,
Williams and Holland 1996, 1998), both key reference
points in the chordate lineage leading to vertebrates. In H.
roretzi, the Otx homolog Hroth becomes restricted to the
ensory vesicle of the anterior CNS. Similarly, in am-
hioxus, AmphiOtx expression resolves to the cerebral
esicle of the rostralmost neural tube. This conserved
xpression of Otx genes provides support for the assertion
hat a distinct rostral brain region, homologous to the
ertebrate mid- and forebrain, evolved prior to the origin of
ertebrates (Williams and Holland, 1996, 1998). According
o this view, the duplication event that led to the gnathos-
ome Otx1 and Otx2 genes may have played a permissive
ole in the evolution of the vertebrate brain by establishing
ew axial domains of regulatory gene expression.
The expression of lamprey (P. marinus) Otx, described
ere, refines this model. Like its gnathostome and proto-
hordate counterparts, lamprey Otx is initially expressed
roadly throughout the rostral CNS, but becomes restricted
o the presumptive forebrain and midbrain. In sharp con-
rast to amphioxus and ascidians, the differentiated lam-
rey brain consists of several structures which are identi-
iews of P. marinus embryos labeled with Otx antisense RNA. (A)
xpressed at high levels in the anterior embryo and extends roughly
6 days after fertilization, Piavus stage 12). Otx is more narrowly
expression (black arrow). In addition to the neural ectoderm, Otx
, and E) Late head protrusion (8, 9, and 10 days, respectively, after
which coincides with the region of the cerebellar flexure (black
l pouch (red arrows, pouches numbered 1 through 7 in order of
niform surrounding the pouch, but becomes more pronounced
age (12 days after fertilization, Piavus stage 14). Otx expression is
f the telencephalon (white arrow), the retina (black arrow, and see
ral crest, head mesenchyme, and pharyngeal endoderm. (A) 8-day
rse sections “b”, “c”, and “d”. (B) Transverse section through plane
e (nt). In addition, a small number of Otx-expressing cells can be
erse section through plane “c”. Otx transcripts are present in the
n, a smaller but significant number of Otx-expressing cells are seenunt v
is e
ion (
y of
. (C, D
dary
ngea
lly u
g st
um o
, neu
nsve
l tub
ansv
Again through plane “d”. Otx transcripts are present in the neural tube
detected in the pharyngeal endoderm (e).
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. (D)
al to
34 Tomsa and Langelandfied at the level of gross morphology as being homologous
to gnathostome structures. These include not only the
broad distinctions of telencephalon, diencephalon, and
mesencephalon, but also finer distinctions such as olfactory
bulbs, hippocampus, infundibulum, epithalamus, dorsal
thalamus, hypothalamus, tectum, and tegmentum (Nieu-
wenhuys, 1977). These structures are morphologically ob-
scure in amphioxus and ascidians and may be lacking
altogether. The fact that lampreys apparently do not have
independent homologs of gnathostome Otx1 and Otx2, yet
still have a complex brain morphology, suggests that the
marked increase in brain complexity during vertebrate
origins is not correlated with Otx gene duplication.
The two L. japonica Otx homologs described by Ueki et
al. (1998) appear to be expressed in sum similarly to the
single Otx homolog described here for P. marinus. LjOtxA
is expressed in the primordia of the mid- and forebrain,
while LjOtxB is not. Furthermore, LjOtxB is expressed in
the retinal primordium, while LjOtxA is not. Both ho-
mologs are expressed in the lips, but since no early expres-
sion is described, it is unclear whether these homologs are
expressed in pharyngeal endoderm and/or neural crest. It
thus appears that the duplication event leading to two Otx
FIG. 6. Later endodermal and retinal expression of Otx. (A) 10-
Longitudinal section through plane “b”. Otx transcripts remain ab
12-day embryo indicating the plane of the longitudinal section “d”
are detected in the neural tube. The most intense staining is laterhomologs in the Lampetra lineage was followed by a
partitioning of functions of the single ancestral gene.
Copyright © 1999 by Academic Press. All rightLamprey Pharyngeal Skeleton and the Origin of
Jaws
The theory that the gnathostome jaw evolved from a
gill-bearing arch of an agnathan ancestor can be traced back
to Gegenbauer (1872). This scheme is widespread in text-
books, but it is by no means universally accepted by
paleontologists and anatomists. There is little doubt that
the jaws of sharks and bony fish are serially homologous
with the more caudal gill supports (see de Beer, 1937); these
structures each are composed of distinct dorsal and ventral
elements formed from neural crest-derived cartilage (re-
viewed in Schilling, 1997). Similarly, Newth (1956), as well
as Langille and Hall (1988), has demonstrated that the
lamprey pharyngeal cartilage elements are neural crest
derived. Detractors of the gill support-to-jaw theory, how-
ever, maintain that despite similar embryological origins,
the gill supports of agnathans and those of gnathostomes
are independently derived and therefore not homologous
(Schaeffer and Thompson, 1980; Janvier, 1996). Indeed, in
gnathostomes, the dorsal and ventral skeletal support ele-
ments lie medial to the endodermally derived gill lamellae.
In lamprey, however, the situation is reversed. Gill lamellae
embryo indicating the plane of the longitudinal section “b”. (B)
nt in the endodermal cells of the first pharyngeal arch (arrows). (C)
Longitudinal section through plane “d”. Very few Otx transcripts
the neural tube, in the developing retinas (arrows).day
undaare located on the walls of the pharyngeal pouches and lie
medial to the supporting skeletal elements, or branchial
s of reproduction in any form reserved.
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35Lamprey Otx Expressionbasket. Furthermore, the lamprey branchial basket does not
consist of separate elements, but rather is a fused complex
of bilaterally paired cartilaginous bars that lies just under
the skin (Johnels, 1948). Finally, the first gill-supporting
cartilage element in lamprey is derived from the hyoid arch,
and not the mandibular arch. These differences have led
Janvier (1993, 1996) to propose that the gnathostome jaws
evolved from the velar, or pumping organ, skeleton of an
ancestral agnathan, rather than from an anterior gill sup-
port.
Our finding of Otx-positive cells in the lamprey mesen-
ephalic neural crest and mesenchyme of the first pharyn-
eal arch extends this theory by providing molecular evi-
ence of homology with the mandibular arch of
nathostomes. Otx2 is expressed in the mesencephalic
eural crest cells of mouse and in the neural crest-derived
esenchyme of the mandibular arch. In addition, Otx22
heterozygotes lack most of the ventral neural crest-derived
elements of the mandibular arch, suggesting that these
skeletal elements are derived from the Otx2-positive neural
crest cells. The mesencephalic neural crest in lampreys is
known to be chondrogenic and to give rise to anterior
cartilage elements such as the trabeculae and the velar
skeleton (Newth, 1956; Langille and Hall, 1988). Since
lamprey Otx expression is no longer detectable in the head
mesenchyme when cartilage elements differentiate, we
cannot at this point be certain that the Otx-positive neural
crest cells in lampreys will contribute to cartilage elements.
However, our evidence from Otx expression suggests that
the gnathostome jaw is derived from a mandibular cartilage
element of an agnathan ancestor, and vestiges of this
element are still present in modern lampreys. Our finding
complements the study by Holland et al. (1993) using a
cross-reactive engrailed antibody that suggests homology
between velar muscles of lamprey and jaw muscles of
zebrafish. The hypothesis that the Otx-expressing cells in
lampreys are indeed homologous to those giving rise to jaws
in gnathostomes will need to be supported by further
evidence including the expression of additional genes spe-
cific to gnathostome jaw cartilages, such as Dlx2 (Robinson
and Mahon, 1994), as well as lineage tracing in living
embryos.
Otx Genes and Vertebrate Evolution
Developmental evolutionary studies rely on extant or-
ganisms to infer evolutionary events. Comparisons of gene
expression in related taxa provide additional characters
with which to postulate homology and to construct models
of ancestors. A summary of Otx expression in gnathos-
tomes, lamprey, and amphioxus is shown in Fig. 7. As
described by Williams and Holland (1996, 1998b), Otx
expression in the cerebral vesicle and frontal eye of am-
phioxus suggests that these are homologous to the
midbrain/forebrain and retina of gnathostomes and were
therefore present in the vertebrate ancestor; the very simi-
lar expression pattern during lamprey embryogenesis sup-
o
r
Copyright © 1999 by Academic Press. All rightorts this view. The origin of the vertebrate brain and more
omplex eyes therefore do not appear to have been depen-
ent upon broad changes in Otx expression, but instead
ust have been dependent upon changes in downstream
argets of Otx. Relatively broad Otx expression in the
nterior pharyngeal endoderm of amphioxus contrasts with
he tightly restricted first pouch expression in agnathans
nd gnathostomes, suggesting that further specialization of
he anterior pharyngeal region accompanied vertebrate ori-
ins. This further specialization of the anterior pharynx is
lso evident in the Otx-expressing neural crest of agnathans
nd gnathostomes, which is not present in amphioxus. The
road similarities in Otx expression between agnathans and
nathostomes both in the brain and in the pharynx indicate
hat, despite their increased morphological complexity, the
FIG. 7. Comparative summary of Otx expression in a cephalo-
hordate, an agnathan, and gnathostomes. Otx expression is corre-
ated with the evolutionary trend toward increased cephalization in
he vertebrate lineage characterized by an expanded anterior CNS
nd paired eyes. In addition, Otx is expressed in mesencephalic
eural crest that migrates into the first pharyngeal arch of lampreys
nd the jaw-bearing mandibular arch of gnathostomes. No such
xpression is seen in amphioxus. Otx is expressed in the pharyn-
eal endoderm in all three groups, but is tightly restricted to the
rst pharyngeal pouch in lamprey and gnathostomes. fe, frontal
ye; cv, cerebral vesicle; e, endoderm; fb, forebrain; mb, midbrain;
c, neural crest; r, retina; pc, pharyngeal cartilages.rigin of gnathostomes was not accompanied by a major
edeployment of Otx expression domains. Instead, this
s of reproduction in any form reserved.
t
c
t
36 Tomsa and Langelandagain implicates downstream targets of Otx as being effec-
ors of evolutionary change and highlights the need for
ontinued comparative studies to address the evolution of
he vertebrate body plan.
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